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Summary
An often-overlooked aspect of neural plasticity is the plas-
ticity of neuronal composition, in which the numbers of
neurons of particular classes are altered in response to
environment and experience. The Drosophila brain features
several well-characterized lineages in which a single neu-
roblast gives rise to multiple neuronal classes in a stereo-
typed sequence during development [1]. We find that in
the intrinsic mushroom body neuron lineage, the numbers
for each class are highly plastic, depending on the timing
of temporal fate transitions and the rate of neuroblast pro-
liferation. For example, mushroom body neuroblast cycling
can continue under starvation conditions, uncoupled
from temporal fate transitions that depend on extrinsic
cues reflecting organismal growth and development. In
contrast, the proliferation rates of antennal lobe lineages
are closely associated with organismal development,
and their temporal fate changes appear to be cell cycle-
dependent, such that the same numbers and types of
uniglomerular projection neurons innervate the antennal
lobe following various perturbations. We propose that
this surprising difference in plasticity for these brain
lineages is adaptive, given their respective roles as par-
allel processors versus discrete carriers of olfactory
information.Results and Discussion
Mushroom Body Temporal Class Populations Are Highly
Plastic
Developmental plasticity permits individual organisms to alter
their phenotypes in response to the particular challenges
posed by their environments. Holometabolous insects have
several larval instars specialized for feeding and growth and
an adult stage specialized for dispersal, mating, and egg depo-
sition. When limiting nutrients slow larval growth and delay
development, we might expect the nervous system to adapt6These authors contributed equally to this work
*Correspondence: leet@janelia.hhmi.orgin order for precious food sources to be located and recalled
more efficiently.
The mushroom body (MB) is an arthropod brain structure
shown to be critical for olfactory learning and memory [2]. The
adultDrosophilaMBs each consist of about 2,500 intrinsic neu-
rons thatcontributeaxons tooneormoreoffive lobes (g,a,a0,b,
andb0). EachMBneuroblast (NB)divides repeatedly togenerate
g neurons during embryogenesis and early larval development,
a0/b0 neurons during late larval development, and a/b neurons
(including a pioneer subclass) during metamorphosis [3].
Experience-dependent plasticity has been demonstrated for
this structure in many studies, including one in which the
numbers of MB fibers increased in female Drosophila cultured
at high density as larvae [4].Moreover, culturing newly hatched
larvae in 20% sucrose solution prevents the reactivation of
dormantNBs, yet the actively dividingMBNBscontinue to pro-
liferate [5–7]. We therefore hypothesized that delaying organ-
ismal growth and development via nutrient deprivation might
allow the MB NBs to generate greater numbers of neurons.
To test this idea, we ‘‘protein-starved’’ newly hatched larvae
by transferring them to 20% sucrose solution for 48 hr before
placing them on standard fly medium. Protein-starved animals
delayed pupariation by w3 days and produced significantly
more MB neurons (710 6 71, n = 9) by P0 (white puparium
stage) than normally fed controls (556 6 149, n = 12; p <
0.01), based on expression of a UAS-CD8::GFP reporter by
OK107-GAL4 [8] (Figure 1A). This increase was due to the
expansion of the early born g class, which is specifically
labeled by both monoclonal antibody AD4.4 (anti-EcRB1) [9]
(546 6 50, n = 9 versus 395 6 81, n = 12; p < 1 3 1024) and
201Y-GAL4 [10] (566 6 46, n = 13 versus 388 6 38, n = 14;
p < 1 3 10210) (Figure 1A). Thus, the size of the g neuron pop-
ulation is influenced by nutrient availability during larval life.
The transition from g to a0/b0 production normally occurs
around mid-third instar [3], as does the attainment of critical
weight, the point at which Drosophila larvae will proceed to
pupariation even if protein-starved [11]. By using the mosaic
analysis with a repressible cell marker (MARCM) technique
[12] to label the MB neurons born at particular time points,
we found that while a0/b0 neurons are normally generated by
72 hr after larval hatching (ALH), protein starvation starting at
48 hr ALH delayed this transition, allowing production of g neu-
rons through 144 hr ALH (Figure 1B). These protein-starved
animals never pupariated, indicating that they had failed to
attain critical weight (Figure S1 available online). However, if
such larvae were replaced on normal medium after 6 days,
they resumed growth and pupariated 3 days later, at which
time they had roughly 50% more g (201Y+) neurons than nor-
mally fed controls (Figure 1C). In contrast, protein starvation
initiated at 60 hr ALH neither prevented pupariation (Figure S1)
nor delayed the transition to a0/b0 production (Figure 1B).
These results suggest that the plasticity of the g population
ends between 48 and 60 hr ALH, perhaps due to triggering of
the transition to the next temporal class by hormonal signals
associated with the attainment of critical weight.
To determine whether the sizes of the later born MB popula-
tions were also developmentally plastic, we genetically abla-
ted the neurons that innervate the ring gland and release
Figure 1. Mushroom Body g Neuron Population
Size Is Highly Plastic
(A) Protein starvation of newly hatched larvae re-
sults in extra MB neurons (OK107+; p < 0.01),
which are of the g class (EcRB1+, p < 1 3 1024
and 201Y+, p < 1 3 10210), by P0. No significant
difference in other (EcRB12) classes was
observed. Black bars: animals of genotype
OK107-GAL4 or 201Y-GAL4; UAS-CD8::GFP
raised on standard food. Gray bars: animals of
genotype OK107-GAL4 or 201Y-GAL4; UAS-
CD8::GFP protein-starved in 20% sucrose
solution for 48 hr ALH and then transferred to
standard food. Error bars indicate the SD, with
Student’s t test used to establish significance.
(B) Percentage of MARCM clones induced at
different developmental times (48, 72, 96, 120,
and 144 hr ALH) for each type of MB neuron.
The three bars represent nonstarved larvae
(green triangles) and larvae starved from 48 hr
(orange triangles) or 60 hr (blue triangles) ALH.
The colored areas in each bar represent the per-
centage of clones for g (blue), a0/b0 (magenta),
pioneer a/b (yellow), and a/b (green) neurons,
while the number indicates how many clones
were analyzed for each treatment. Open bars
with dashed outlines, not assayed.
(C) Number of 201Y-GAL4-positive (g) neurons at
wandering third instar for control larvae and
larvae protein-starved from 48 hr ALH for 6 days
before being transferred back to food. Error
bars indicate the SD, with Student’s t test used
to establish significance. WL, wandering third
instar larva.
See also Figure S1.
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1909prothoracicotropic hormone (PTTH), which normally drives the
prepupal ecdysone peak that induces puparium formation.
PTTH neuron ablation delayed puparium formation by about
5 days (Figure S2C), as previously reported [13]. We found
that the mature MBs of these flies had g and a0/b0 axonal bun-
dles (labeled by anti-Trio antibody [14]) that were not signifi-
cantly different in size from those of controls, but their a/b
axonal bundles were much thicker (Figures 2A–2F), indicating
significant expansion of that population. Moreover, the a/b
lobes were already enlarged by 24 hr after puparium formation
(APF) (Figures S2A and S2B). Since their NB proliferation rate
during early metamorphosis was similar to that of wild-type
flies (Figure S2C), we concluded that the excess a/b neurons
were produced during the prolonged late larval period. There-
fore, the sizes of both g and a/b neuron populations are highly
plastic and influenced by organismal growth and develop-
ment. In addition, our results suggest that the onset of a/b
neuron production is not triggered by puparium formation,
although they normally coincide.
Mushroom Body Temporal Identity Transitions Are
Regulated by Overall Growth, Not an Internal Counting
Mechanism
What allows the composition of themushroom body lineage to
vary so dramatically? The results of the protein starvationexperiments imply that the transition
from g to a0/b0 production depends on
an extrinsic cue linked to organismal
growth and development rather than
on a MB-intrinsic cue that ‘‘counts’’ thenumber of neuroblast divisions or progeny. Given the increase
in g neurons in the sucrose-cultured animals, we wondered
if insulin signaling could be regulating the proliferation rate
of MB neuroblasts and/or the temporal transitions of MB
neurons.
We first followed MB development in flies homozygous for a
hypomorphic insulin receptor allele, InRE19, previously shown
to control body and organ size [15]. Pupariation was delayed
by about 6 days in InRE19 homozygotes, during which time
the MB NBs continued to divide, albeit more slowly (Fig-
ure S3A). In wild-type larvae, strong c305a-GAL4 expression
identifying a0/b0 neurons [16] was observed at 4 days ALH (Fig-
ures 3A and 3B). In InRE19 homozygotes, c305a-GAL4 was
barely detectable at 5 days ALH (Figure 3D), and strong
expression comparable to that of 4-day-old wild-type larvae
was not observed until 10 days ALH (Figure 3E). Therefore,
the g to a0/b0 transition was significantly delayed in the slow-
growing InRE19 animals. However, when we examined the
MBs at 24 hr APF (Figures 3C and 3F), the FasII-positive
nascent a/b neurons were already visible, suggesting that
the transition from a0/b0 to a/b had still occurred around the
time of pupariation. Thus, in InRE19 animals, MB NB division
rates are reduced but temporal identity transitions are
delayed, potentially leaving the final number of g neurons
unchanged. This is supported by the comparable MB sizes
Figure 2. Mushroom Body a/b Neuron Popula-
tion Size Is Highly Plastic
TheMBs of a wild-type fly (A, C, and E) and a fly in
which the PTTH neurons had been ablated by
overexpressing the death gene grim using
PTTH-GAL4 (B, D, and F). The MBs were cola-
beled with anti-Trio (magenta, g and a0/b0 neu-
rons) (A, B, E, and F) and anti-FasII (green, g
and a/b neurons) (C, D, E, and F). The scale bars
represent 20 mm. See also Figure S2.
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sition (Figures 3B and 3E).
Next, we sought to determine whether the effects of the
insulin receptor on MB neuroblast proliferation and cell-type
progression were cell-autonomous by creating MB clones
homozygous for InRE19 using the MARCM method [12].
Although heterozygous larvae exhibited no obvious growth
delay, the InRE19 MB clones contained only 250 6 69 (n = 4)
cells, 35% less than wild-type MB clones (3846 38; n = 4) (Fig-
ures 3G and 3H). These InRE19 MB clones still had all axon
lobes in normal proportions, indicating that insulin reception
cell-autonomously regulates the proliferation of the MB NBs
but not temporal identity switching. Moreover, we still
detected strong expression of the a0/b0 marker c305a-GAL4
in the InRE19 MB clones by 4 days ALH (Figures 3I and 3J).
Therefore, the delayed g to a0/b0 transition observed in InRE19
mutant larvae is not due to deficits in MB insulin reception
but rather to the delay in organismal growth and development.
We also tested the dependence of the a0/b0 to a/b transition
on insulin signaling by knocking down InR specifically in the
MB using InR microRNA driven by OK107-GAL4. Consistent
with the phenotype of the InRE19 MB clones, the adult
OK107 > InRi MBs were proportionally smaller than wild-type
MBs (Figures S3B and S3C). Since we could readily detect
the FasII+ nascent a/b bundles at 24 hr APF (Figures S3D
and S3E), the a0/b0 to a/b transition was not affected by the
cell-autonomous reduction in InR signaling, despite the reduc-
tion in neuroblast cell cycling. We also overexpressed InR in
the MB and found that MB neurons increased by 33% (wild-
type: 2598 6 576, n = 7; OK107 > InR MB: 3462 6 590, n = 5;
p < 0.05). Interestingly, we found a disproportional enlarge-
ment of the g lobe (Figures S3F–S3I), suggesting that InR over-
expression caused enhanced cycling in the early larval instars,
when proliferation rates are normally low [5]. These results
support a tissue-specific role for insulin signaling in the prolif-
eration rate of MB NBs but not in the timing of cell-type
transitions.
Finally, we examined mutants in slender lobe (sle), which
encodes a nuclear protein that positively regulatesMBNBpro-
liferation rate [17]. We found that adult sle MBs were smallerthan wild-type MBs (as previously
reported) and that the population sizes
of all neuronal classes had been
reduced. The FasII-positive g and a/b
axon lobes [18] were thinner (Figures
S3J and S3K), while the number of a0/b0
(c305a+) neurons decreased dramati-
cally (Figures S3L and S3M), as did the
number of pioneer a/b neurons, labeled
by c708a-GAL4 [19] (Figures S3N and
S3O). In addition, the a/b axonal bundles
were already clearly visible at 24 hr APF(Figures S3P and S3Q), indicating that the pioneer a/b to a/b
transition had not been significantly delayed. These sle data
confirm that MB temporal transitions do not depend on the
number of NB cell cycle divisions or progeny, but rather on
external cues linked to organismal growth and development.
Nutrient Deprivation Does Not Alter Final Neuronal
Composition of the Antennal Lobe Lineages
Having established that the composition of the MB neuroblast
lineage is developmentally plastic for all four identified tempo-
ral classes, we next testedwhether this finding could be gener-
alized to two other well-characterized neuroblast lineages in
the olfactory system. The anterodorsal projection neuron
(adPN) and lateral antennal lobe (lAL) lineages both generate
uniglomerular projection neurons (PNs) that innervate single
glomeruli in the antennal lobe (AL) and relay sensory neuron
activity patterns to higher brain centers. The adPN lineage is
comprised of 40 classes of Acj6-expressing PNs, 35 of which
are uniglomerular PNs that are generated in a stereotyped
sequence during development [20–24]. The lAL NB is mitoti-
cally active at hatching and produces 12 classes of Acj62
uniglomerular PNs, paired with Acj62 multiglomerular local
interneuron siblings and temporally interspersed with Acj6+
neurons that do not innervate the AL [24, 25]. All uniglomerular
lAL PNs and the majority of uniglomerular adPNs can also be
labeled using the driver GH146-GAL4 [26].
We examined the plasticity of these two AL lineages using
many of the same manipulations shown to alter the neuronal
composition of the MB. We first used the MARCM method
with either acj6-GAL4 or GH146-GAL4 to label the postembry-
onic antennal lobe lineages by heat-shocking newly hatched
larvae. Protein-starving these larvae for 48 hr and then replac-
ing them on normal food changed neither the final numbers of
Acj6+ or GH146+ cells in neuroblast clones (Figure 4A) nor
the patterns of glomerular innervation (Figures S4A–S4D),
implying that extra PNs were not generated by delaying early
larval development.
Similarly, when these larvae were transferred to sucrose
solution at 48 hr ALH for 4 days and then replaced on normal
medium, there was no difference in total neuron number in
Figure 3. MB Temporal Transitions Are Regu-
lated by Overall Growth, Not an Internal Counting
Mechanism
(A–F) The g to a0/b0 transition is delayed in insulin
receptormutant animals. TheMBs of wild-type (A
and B) and InRE19 homozygous (D and E) animals
at specific days after larval hatching (ALH). The
a0/b0 neurons were labeled by c305a-GAL4
(green), and the g neurons were immunostained
with anti-FasII Ab (magenta). The scale bars
represent 20 mm.
The MBs of wild-type (C) and InRE19 homozygous
(F) animals at 24 hr after puparium formation
(APF). The partially pruned g neurons (arrow-
heads) and the nascent a/b neurons (arrows)
were immunostained with anti-FasII Ab (gray).
The scale bars represent 20 mm.
(G–J) InRE19 homozygous mushroom body clones
induced in newly hatched larvae are smaller than
wild-type clones but still feature all neuron clas-
ses. A wild-type (G) and InRE19 homozygous (H)
MB clone labeled by OK107-GAL4 in adult. The
a0/b0 neurons labeled by c305a-GAL4 in a wild-
type (I) and InRE19 (J) mushroom body clone at
4 days ALH. The scale bars represent 20 mm.
See also Figure S3.
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1911adulthood for either lineage as compared to normally fed con-
trols (Figure 4A). Moreover, all appropriate glomeruli were
innervated in the adult AL (Figures S4E and S4F), implying pro-
duction of even the latest born uniglomerular PN classes.
Thus, unlike in the MB, the AL lineages did not produce addi-
tional neurons of early born classes when development was
delayed due to nutrient deprivation. Final AL lineage composi-
tion was not affected in developmentally delayed InRE19 or
PTTH neuron-ablated animals or by lineage-autonomous
loss or gain of insulin receptor function (data not shown).
We propose that these differences in plasticity make sense,
given the roles of MB neurons versus AL uniglomerular projec-
tion neurons. Because the MB uses parallel processing by
many neurons of each class, an increase or decrease in num-
ber would not be expected to eliminate function. It is even
possible that this plasticity is adaptive: low nutrient conditions
result in a biggerMB, conferring better olfactorymemorywhenfood sources are scarce, while invest-
ment in fewer neurons will suffice when
food sources are plentiful. In contrast,
olfactory discrimination depends on
a large diversity of uniglomerular PN
types in the AL to relay signals from
the reception of many different possible
odorants, so plasticity—particularly the
loss of specific neuron classes—would
be expected to have a detrimental effect
on function. An analogous preservation
of neuronal diversity during nutrient re-
striction was recently reported for the
Drosophila visual system [27].
Nutrient Deprivation Delays Both
Neuroblast Proliferation and
Temporal Fate Transitions in the
Antennal Lobe Lineages
The lack of expansion of the AL lineages
under our protein starvation protocolmade uswonder whether temporal transitions were still occur-
ring normally in the developmentally delayed larvae. We used
the MARCM method with acj6-GAL4 or GH146-GAL4 to label
newly born adPN and lAL neurons. Control animals generated
single-cell adPN clones of the expected uniglomerular classes
when heat-shocked during specific windows. To test the
effects of protein starvation, at 48 hr ALH, we transferred
larvae to sucrose solution and cultured them for various
lengths of time before returning them briefly to normal food
and heat-shocking them to induce clones. The PN classes
labeled in the adult AL indicated that temporal fate transitions
in these protein-starved larvae had been delayed by roughly
3 days in the adPN lineage (Figure 4B) and by even longer in
the lAL lineage (Figure 4C).
To explain these apparently contradictory results, we
hypothesized that protein starvation reduced neuroblast pro-
liferation rates in the AL lineages as well as delaying temporal
Figure 4. Protein Starvation Delays Temporal Identity Transitions without Altering Final Neuronal Composition of the Antennal Lobe Lineages
(A) Comparison of adult antennal lobes from fed control larvae to those of protein-starved larvae. 2D starvation: larvae were protein-starved from 0–48 hr
ALH and then replaced on normal food. 4D starvation: larvaewere starved from 48 hr ALH for 4 days and then replaced on normal food. adPNNBcloneswere
labeled by acj6-GAL4, and lAL NB clones were labeled by acj6-GAL4 and GH146-GAL4. Error bars indicate the SD.
(B and C) The uniglomerular PN classes labeled by heat shock at different developmental time points (48, 72, 96, 120, 144, and 168 hr ALH). The two bars at
each time point represent fed control larvae (green triangles) and larvae starved from 48 hr ALH (blue triangles). The colored areas in each bar represent the
percentage of clones that belonged to particular temporal classes: DC2-DC3 (blue); VA1d-VM2 (magenta); DM6-VM5d (yellow); and VM5v-DL2d (green)
Acj6+ neurons in adPN (B) and DM2-VA7m (blue); VL3/DA1 (magenta); and VM1-DM5 (yellow) GH146+ neurons in lAL (C). Open bars with dashed outlines,
not assayed.
(D and E) Proliferation speeds of adPN (D) and lAL (E) NBs for fed controls (blue line) and animals protein-starved from 0–48 hr ALH (magenta line). Brains
were dissected at different developmental time points and incubated in S2 medium containing 5-ethynyl-20-deoxyuridine (EdU; 100 mg/ml) for 2 hr at 25C
before fixation. Error bars indicate the SD.
See also Figure S4.
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1912transitions. EdU labeling showed that transient protein starva-
tion of newly hatched larvae delayed the onset of adPN neuro-
blast proliferation by about 3 days (Figure 4D) and halted
division of the lAL neuroblast until 24 hr after the larvae weregiven normal food again (Figure 4E). Interestingly, the lAL
andMBNBs are the only NBs that are actively cycling at hatch-
ing [5, 7], but unlike the lAL NB, the MB NBs continue to divide
during early protein starvation [6]. This differential response to
Neuronal Composition Plasticity
1913protein starvation suggests that the respective degrees of
plasticity in the MB versus AL lineages may be adaptive
responses to the larval environment rather than resulting
merely from an accidental difference in cell division dynamics.
Taken together, these results suggest that both cell cycle
and temporal identity transitions in the AL lineages are dynam-
ically regulated in accordance with organismal development.
They are comparably slowed down and delayed upon prolon-
gation of larval development by nutrient deprivation (Figures
4B–4E) or other manipulations, including PTTH neuron
ablation (data not shown), ultimately generating lineages of
unaltered neuronal composition. This further implies that the
temporal identity changes in the AL NB lineages are likely to
be cell cycle-dependent.
Conclusions
We have found that environmental factors, including nutrition,
sculpt different lineages of the Drosophila olfactory system to
widely varying degrees. The intrinsic MB lineage is highly
plastic, with numbers of each class changing in response
to growth conditions and neuroblast proliferation rates. In
contrast, the adPN and lAL lineages consist of an invariant
number of uniglomerular neurons following similar manipula-
tions, suggesting that both neuroblast proliferation rates
and temporal transitions are altered in accordance with
organismal development. We propose these differences in
plasticity of composition to be adaptive, ensuring a func-
tional olfactory system under a wide variety of conditions,
yet enhancing olfactory learning and memory in a resource-
scarce environment.
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